Heterosubtypic immunity (HSI) is defined as cross-protection to infection with an influenza A virus serotype other than the one used for primary infection. Although HSI has been thought to be mediated by serotype cross-reactive cytotoxic T lymphocytes (CTL) that recognize conserved epitopes of structural proteins, recent studies suggest that antibodies (Abs) may make a significant contribution. In this study, we provide further evidence for the role of Abs in HSI using transgenic mice lacking terminal deoxyribonucleotidyltransferase (TdT), which adds N nucleotides to V-D and D-J junctions of the complementary determining region 3 (CDR3) (TdT ؊/؊ ) and mice with altered Ab repertoires due to replacement of the complete locus of heavy chain diversity segments (D H ) with an altered D H segment (namely, ⌬D-iD). Both types of mice failed to generate complete HSI, although they were able to mount protective immunity to a homologous challenge. Lower levels of virus-specific antibodies along with more severely impaired HSI were observed in TdT ؊/؊ mice compared to those in ⌬D-iD mice, while CTL activity remained unchanged in both types of mice. These findings indicate that a properly diversified antibody repertoire is required for HSI and that N addition by TdT is a more effective mechanism in the induction of a properly diversified antibody repertoire and, therefore, complete HSI. The results suggest that the diversity of the antibody repertoire as determined by the composition of the D region of HCDR3 and by N addition are among the mechanisms selected for in evolution to create a favorable environment to resolve infections with mutated viruses.
Infection with influenza A virus usually affords complete protection against reinfection with homologous virus. To a lesser, but still significant, extent, infection also provides a level of immunity against virus of a different subtype. The latter, termed heterosubtypic immunity (HSI), occurs in the absence of virus-neutralizing (VN) antibodies that recognize the outer membrane proteins (35) . It has been proposed that HSI is mediated, in part, by subtype cross-reactive cytotoxic T lymphocytes (CTL) that recognize conserved epitopes of structural proteins shared by influenza A virus subtypes (5, 18, 28, 33, 34, 38, 40, 43, 44, 46) . However, B cells and antibodies (Abs) have been shown to contribute significantly to HSI (29, 41) . There are indications that subtype cross-reactive Abs (10, 22, 23, 29, 37, 41) specific for internal viral proteins expressed on the surface of infected cells may reduce the production of progeny virus and inhibit the spread of infection (25) . For example, induction of Abs to the conserved transmembrane matrix protein 2 (M2) by immunization is associated with HSI (8, 27, 36) . In addition, CD4
ϩ T helper cells and T-cell-dependent virus-specific Ab responses are important for induction of complete HSI (29) , since CD4 ϩ T cells provide help for B cells and antigen-specific Ab responses by secretion of cytokines (for review, see reference 7) .
The ability to generate diversified lymphocyte antigen receptor repertoires is one of the evolutionally advanced mechanisms used by the adaptive immune system to deal with a wide array of pathogens and toxins (1, 6, 13, 30, 39) . The diversity of the Ab and T-cell receptor (TCR) repertoires is created both by the combinatorial rearrangement of germ line-encoded V(D)J gene segments and by junctional somatic diversity created during the process of V(D)J rearrangement. The addition of N nucleotides by deoxyribonucleotidyltransferase (TdT) to V-D and D-J junctions occurs in an untemplated fashion. This diversity is focused in complementary determining region 3 (CDR-3), which lies at the center of the antigen-binding site and often dictates antigen specificity (15, 32, 45) . Deletion of TdT activity by targeted gene inactivation leads to an almost total absence of N nucleotides in adult B-and T-cell V-D-J junctions and results in Ab and TCR repertoires of limited, primarily germ line, diversity (12, 17) . Although TdT-deficient (TdT Ϫ/Ϫ or TdT knockout) mice are healthy and respond to most complex antigens (11, 12, 17) , the T-cell repertoire in these mice is more promiscuous with regards to peptide recognition (9) . In contrast, the B-cell repertoire from these TdT Ϫ/Ϫ mice is less polyreactive than that of the N regioncontaining repertoire in wild-type mice (42) .
Combinatorial diversification of immunoglobulin (Ig) heavy chain CDR-3 (CDR-H3) is created de novo by the rearrangement and juxtaposition of individual V, D, and J gene segments (1, 6, 39) . Mammalian IgH loci typically contain multiple D H gene segments (15, 19, 32, 45) that are highly similar. Recently, we generated mice with a globally altered antibody repertoire due to replacement of the complete locus of 13 D H gene segments with an altered DFL16.1, the most J H -distal D H segment (⌬D-iD mice) (14) . The central codons for reading frame 1 (RF1)-encoded tyrosine and glycine in DFL16.1 were replaced by codons for arginine, histidine, and asparagine. Combinatorial diversification of Ig CDR-H3 in these mice is limited to a single D H gene segment encoding positively charged amino acids in Ig CDR-H3. Such ⌬D-iD mice have impaired B-cell development and Ab production (14) .
In an attempt to better define the role of Abs in HSI, transgenic mice with limited Ab repertoires were used in this study. Unlike the immune responses to primary infection or homotypic immunity against reinfection with the same subtype, HSI to challenge with different subtypes seems to require more complex Ab responses, including properly diversified Abs as well as a TCR repertoire of T helper cells. The results obtained from this study provide further evidence for the role of Ab responses in effector mechanisms of HSI to influenza A viruses. This has implications for the development of universal vaccines against infections with different influenza A virus subtypes. Mice. Wild-type (WT) BALB/cJ (H-2 d ) mice were purchased at 6 to 8 weeks of age from The Jackson Laboratory (Bar Harbor, ME). TdT Ϫ/Ϫ mice (12) on a C57BL/6 background (kind gift of Diane Mathis) were backcrossed for 8 to 10 generations onto a BALB/cJ mice background. ⌬D-iD mice were generated from a gene-targeted BALB/c embryonic stem cell line as described elsewhere (14) . All of these mice were maintained in a specific-pathogen-free barrier facility in microisolator caging (Lab Products, Inc., Maywood, NJ). All experiments and animal procedures conformed to protocols approved by the University of Alabama Institutional Animal Care and Use Committee.
MATERIALS AND METHODS

Viruses
Immunization and challenge of mice. For immunization via the total respiratory tract (TRT), ketamine-anesthetized mice (1 g/100 l/mouse) were inoculated intranasally with a sublethal dose of 2. ELISA. The enzyme-linked immunosorbent assay (ELISA) was performed as previously described (28) . Briefly, 96-well MaxiSorp Nunc-Immuno plates (Nalgene Nunc International, Naperville, IL) were coated with whole influenza virus type A/Udorn, purified by sucrose gradient centrifugation, at a concentration of 0.5 g/ml. Dilutions of serum were incubated overnight on coated and blocked ELISA plates, and the bound immunoglobulins were detected with horseradish peroxidase-labeled F(abЈ) 2 of goat IgG against mouse Ig (Southern Biotechnology Associates, Birmingham, AL). At the end of the incubation time (3 h at 37°C), the peroxidase substrate 2,2Ј-azino-bis-(3-ethylbenzthiazoline) sulfonic acid (Sigma, St. Louis, MO) in citrate buffer (pH 4.2) containing 0.0075% H 2 O 2 was added. The color that developed was measured in a Vmax photometer (Molecular Devices, Palo Alto, CA) at 414 nm. The reproducibility of the assay was ascertained by applying on each plate a control hyperimmune mouse serum. The results were expressed as end point titration values.
Generation of antigen-specific CTL effector cells. Spleens and mediastinal lymph nodes (MLN) were harvested from five mice per group, and pooled single-cell suspensions were used for further analysis. A portion of the spleen cell suspension (stimulator cells) was infected with influenza virus A/Udorn at a multiplicity of infection (MOI) of 2 to 4 or with A/PR/8/34 at an MOI of 4 to 6 in a small volume (0.2 ml) of PBS or RPMI 1640 medium without FBS. After incubation for 30 min at 37°C, 5% CO 2 , RPMI 1640 complete medium was added, and the cell suspension was incubated for at least 3 h, irradiated (3,000 R), washed, and mixed with the remaining splenocytes (responder cells) at a ratio of 2:1 (3 ϫ 10 6 to 4 ϫ 10 6 responder cells/ml) in CTL complete medium containing 10% FBS, 10 mM HEPES, 100 U/ml of penicillin, 100 g/ml of streptomycin, 0.03% glutamine, and 3 ϫ 10 Ϫ5 M 2-mercaptoethanol (Sigma, St. Louis, MO). Murine recombinant interleukin-2 (R&D Systems, Inc., Minneapolis, MN) was added to cultures at day 3 (20 U/ml), followed by an additional 3-day incubation at 37°C, 5% CO 2 , after which CTL effector cells were washed and tested with virus-infected major histocompatibility complex (MHC)-matched target cells in a 51 Cr release assay.
Preparation of target cells. P815 (H-2
d ) and EL-4 (H-2 b ) cells (MHC-mismatched control) were infected at an MOI of 5 with A/Udorn or A/PR/8/34 influenza virus in 100 l of incomplete medium (without serum) for 20 min at 37°C. The cells were washed to remove unbound virus and were cultured for 2 h in 500 l of complete medium containing 100 Ci of 51 Cr per 10 6 cells. Prior to assessing cytotoxic activity, 51 Cr-labeled cells were washed three times. The cells were counted and used for target cells in the cytotoxicity assay, as described below.
Cytotoxicity assay. The 51 Cr-labeled P815 and EL-4 target cells were washed three times and resuspended in complete medium at 10 5 cells/ml; 100-l aliquots of the cell suspension were added to 96-well, round-bottom microtiter plates containing triplicate 100-l samples of serially diluted effector cells. The microtiter plates were centrifuged at 400 ϫ g for 5 min and then incubated for 4 h at 37°C, 5% CO 2 . The level of released radioactivity in 100 l of supernatant from each well was measured in a gamma counter (Cobra II Auto-Gamma; Packard Instrument Co., Downers Grove, IL). Specific lysis was calculated from the 51 Cr released in counts per minute (cpm) using the following formula: percent specific lysis ϭ (experimental cpm Ϫ spontaneous cpm)/(maximal release cpm Ϫ spontaneous cpm) ϫ 100. The cpm values for spontaneous and maximal release were determined by incubating target cells with either 100 l of medium or 100 l of 5% Triton X-100, respectively. Spontaneous release of 51 Cr in the absence of effector cells was usually less than 15% and did not exceed 20%. Standard errors of the means (SEM) were always less than 5% of the mean value and are not included.
Lymphocyte proliferation assay. Single-cell suspensions from five mice per group were pooled and cultured with viral antigens (whole virus particles) or irradiated virus-infected splenocytes (as described above for stimulator cells used for generation of antigen-specific CTL effector cells) for 3 days at 37°C, 5% CO 2 . Cell cultures with irradiated uninfected splenocytes, concanavalin A (5 g/ml), or without antigen were included as controls. About 16 h before cell culture harvest, 0.5 Ci of [ 3 H]thymidine was added to each well. Tritium uptake was determined by using a scintillation counter, and the results are presented as the stimulation index, calculated as follows: (cpm of stimulated culture)/(cpm of nonstimulated culture, in the absence of antigen).
Statistics. The data are expressed as the mean Ϯ 1 SEM and were compared using a two-tailed Student's t test or an unpaired Mann-Whitney U test. The results were analyzed using the InStat 2.00 statistical program (GraphPad Software, San Diego, CA) for Macintosh computers and were considered to be statistically significant if P values were less than 0.05.
RESULTS
Susceptibility of TdT
؊/؊ and ⌬D-iD mice to influenza A virus infection. We first determined whether the absence of terminal TdT or replacement of the complete heavy chain diversity segments (D H ) with an altered D H -segment (⌬D-iD) affected the susceptibility to infection with mouse-adapted influenza virus. We used the LD 50 (50 PFU) of mouse-adapted A/PR/8/34 as determined in our previous studies (28, 29) for infection of TdT Ϫ/Ϫ , ⌬D-iD, and WT mice. As shown in Fig. 1 , the LD 50 s of mouse-adapted A/PR/8/34 were comparable in all examined mice, including WT mice, suggesting that the absence of TdT or replacement of the complete heavy chain diversity segments with an altered D H segment did not alter significantly the susceptibility to infection with mouse-adapted influenza virus.
Protection against challenge with lethal doses of homologous and heterologous influenza viruses. We next examined the effect of altering or limiting the lymphocyte antigen receptor repertoire on the outcome of reinfection with either a homologous or a heterologous virus subtype. TdT Ϫ/Ϫ , ⌬D-iD, and WT mice were immunized with a sublethal dose of A/Udorn (H3N2). Four weeks later, they were challenged with a lethal dose (5ϫ LD 50 ) of either homologous A/Philippines (H3N2) or heterologous A/PR/8/34 (H1N1) subtype virus. Both TdT Ϫ/Ϫ (Fig. 2) and ⌬D-iD (Fig. 3) mice survived reinfection with homologous A/Philippines (H3N2) subtype virus. No morbidity (weight loss) was observed after the homotypic challenge, indicating that the immunized mice were completely protected from reinfection with a homologous subtype. However, when challenged with heterologous subtype A/PR/8/34 (H1N1), none of the TdT Ϫ/Ϫ mice and only 60% of ⌬D-iD mice survived the challenge. As a control, all WT mice completely recovered from challenge after transient weight loss. The TdT Ϫ/Ϫ mice displayed more severe weight loss starting at day 2 following challenge compared to ⌬D-iD and WT mice. These results demonstrate that TdT Ϫ/Ϫ mice with a limited lymphocyte antigen receptor repertoire and ⌬D-iD mice with an altered antibody repertoire failed to develop complete HSI against challenge with a heterologous influenza virus subtype.
Of these two types of mice, TdT Ϫ/Ϫ mice exhibited greater weight loss and a higher mortality, suggesting that the impairment of HSI was greater in TdT Ϫ/Ϫ mice than ⌬D-iD mice. Virus-specific Ab levels induced after primary infection. Since the outcome of HSI depends significantly on the virusspecific Ab responses induced after the immunization (29), we asked whether the impairment of HSI in TdT Ϫ/Ϫ and ⌬D-iD mice is indeed related to reduction of virus-specific Ab responses in these mice. One month after primary infection with A/Udorn and a day before the challenge, we examined the levels of serum virus-specific Abs by A/Udorn-coated ELISA in immunized ⌬D-iD and TdT Ϫ/Ϫ mice. As shown in Fig. 4 , virus-specific Ab responses were impaired in TdT Ϫ/Ϫ mice. The levels of virus-specific Abs of major isotypes induced in TdT Ϫ/Ϫ mice after primary infection were significantly lower than those in infected WT mice (P Ͻ 0.01). Of note, a slightly increased level of virus-specific IgA was observed in the sera of immunized TdT Ϫ/Ϫ compared to that of immunized WT mice (Fig. 4) . However, the titer was relatively low compared to that of other isotypes. The levels of virus-specific Abs of all isotypes were also lower in ⌬D-iD mice compared to WT, but the difference in titer did not achieve statistical significance (P Ͼ 0.05). Thus, in terms of the magnitude, virus-specific Ab re-
FIG. 1. Susceptibility of TdT
Ϫ/Ϫ and ⌬D-iD mice to infection with mouse-adapted influenza virus A/PR/8/34 (H1N1). Naïve TdT Ϫ/Ϫ and ⌬D-iD mice were infected with mouse-adapted A/PR/8/34 (H1N1) at different doses. Mortality was monitored daily for 3 weeks and is expressed as the percentage in each group of 8 to 10 mice that survived the infection.
FIG. 2. Morbidity and mortality in TdT
Ϫ/Ϫ mice after challenge with mouse-adapted heterologous influenza virus. TdT Ϫ/Ϫ and WT littermates were immunized with live influenza virus A/Udorn (H3N2) via the TRT. Four weeks later, the mice were challenged with the heterologous mouse-adapted A/PR/8/34 (H1N1) or homologous mouse-adapted A/Philippines (H3N2) strain by the same route. Morbidity and mortality were monitored daily for at least 3 weeks. The body weights of individual mice were measured until all animals regained their initial weight. The values are the means of 12 to 16 mice in each group. Mortality is expressed as the percentage of mice that survived the challenge. mice upon primary infection were slightly greater and mediastinal lymph node CTL responses in both TdT Ϫ/Ϫ and ⌬D-iD mice were slightly lower than those induced in WT mice. However, neither of these findings reached statistical significance (P Ͼ 0.05). Proliferation of mononuclear cells derived from MLN and spleens of TdT Ϫ/Ϫ and ⌬D-iD mice in response to viral antigen as whole or presented by syngeneic splenocytes was comparable with that in WT mice (Fig. 6) . Slightly higher responses were seen in the cell cultures derived from TdT Ϫ/Ϫ mice; however, the difference was not statistically significant (P Ͼ 0.05). The results suggest that antigen recognition by T cells and/or cytolytic activity of CTL was relatively unaffected by the deletion of TdT or the replacement of the complete heavy chain diversity segments (D H ) with an altered D H segment.
DISCUSSION
In this study, we have tested the role of antibody and TCR diversity in the induction of HSI to influenza A virus infection. We used genetically altered mice limited to germ line antibody and TCR diversity in the case of the TdT Ϫ/Ϫ mice as well as (11) and unchanged levels of secreted IgM (Fig. 4) , our data on susceptibility of these transgenic mice to mouse-adapted influenza virus infection indicate that limitations to the diversity of the Ab repertoire in TdT Ϫ/Ϫ and ⌬D-iD mice could be either compensated by more effective innate immunity or that an antibody repertoire of normal wild-type diversity is not necessary for the induction of immune responses to a primary infection with virus. In fact, TdT Ϫ/Ϫ mice have been found to be healthy and to respond to most complex antigens (11, 12, 17) . Although the ability of ⌬D-iD mice to generate normal levels of IgG in the serum appears to be impaired, they are able to generate normal levels of total IgM and IgA (13) . In the present study, virus-specific IgM reached wild-type levels upon infection (Fig. 4) .
When subsequently challenged with a homologous subtype, both types of mice with a limited antigen receptor repertoire or a globally altered Ab repertoire were protected from the reinfection, suggesting that they were able to generate normal protective, presumably VN, Abs, since VN Abs are responsible for prevention of reinfection with the same subtype (29, 35) . Our findings support the notion that a single Ab isotype specific for a single antigenic epitope of hemagglutinin could be sufficient for VN (24) . Even with a limited or altered Ab repertoire, it would appear that there is sufficient diversity to generate Abs specific for hemagglutinin, the most abundant viral surface glycoprotein (48) . Such Abs with VN activity could be protective when present at low levels (25) .
Interestingly, when challenged with a virus of a heterologous subtype, both types of mice developed impaired HSI. In TdT Ϫ/Ϫ mice, morbidity and mortality correlated with impaired induction of the virus-specific Ab response. Indeed, virus-specific Ab responses were down-regulated in TdT Ϫ/Ϫ mice compared to those in WT littermates. In contrast to homotypic immunity, complete HSI seems to require a set of different Ab isotypes specific to a set of antigen epitopes. The observations support the findings that treatment with a single Ab isotype specific for the conserved transmembrane M2 proteins, the Ab that mediates HSI (16, 47) , could provide partial protection (25) , while immunization with a protein complex containing M2 (8, 23, 27) or DNA plasmid containing the influenza virus M gene (31) could provide complete HSI. Since the B-cell repertoire from TdT Ϫ/Ϫ mice is presumed to be less flexible than that of the N-region-containing repertoire in WT mice (42), our results suggest that an Ab repertoire with high polyreactivity could play an important role in HSI. Interestingly, virus-specific IgA was found to be increased in TdT Ϫ/Ϫ but not in WT mice (Fig. 4) . Such IgA could derive from B-1 cells through an extrasplenic pathway of Ig rearrangement (21) . Although the role for IgA in HSI is controversial (4, 20) , an increased level of cross-reactive IgA in TdT Ϫ/Ϫ mice that failed to develop HSI suggests that IgA produced by B-1 cells may not be necessary for HSI and that B-2-cell-derived IgA may possibly make a greater contribution to HSI.
Since depletion of TdT also resulted in a limited TCR repertoire (12, 17) and could affect the antigen recognition by T cells, including cytotoxic T cells, we examined virus-specific CD8 ϩ CTL responses. Four weeks after immunization, the mice were challenged with a lethal dose of A/PR/8/34 (H1N1) virus. On day 3 after the challenge, mononuclear cells isolated from spleens and MLN were subjected to 7-day in vitro culture for stimulation of antigen-specific CTL effector cells. Pronounced subtype-specific CTL systemic (spleen and MLN) responses were observed in TdT Ϫ/Ϫ mice (Fig. 5 ). When CD8 ϩ T cells were depleted from the effector cells by treating the cells with monoclonal antibody specific for the CD8 molecule before performing the cytotoxicity assay, specific lysis was almost completely eliminated. This result indicates that subtypespecific CTL activity is mediated predominantly by CD8 ϩ T cells. Thus, the ability to mount virus-specific CD8 ϩ CTL responses was intact in TdT Ϫ/Ϫ mice. As expected, ⌬D-iD mice mounted normal virus-specific CD8 ϩ CTL responses (Fig. 5) , since the replacement of D H segments resulted in alteration of the antibody, but not the TCR, repertoire. Proliferation activities of spleen-or MLN-derived mononuclear cells to the virus and the virus-infected cells were relatively unaffected in TdT Ϫ/Ϫ and ⌬D-iD mice compared to WT littermates (Fig. 6 ). The results indicate that antigen recognition by CD4 ϩ and CD8 ϩ T cells was not functionally altered by genetic deletion of TdT or replacement of the D H segments. Although the role for CD4
ϩ T cells in providing help for B cells and antigenspecific Ab responses by secretion of cytokines was not examined in this study, the increased morbidity and mortality observed in TdT Ϫ/Ϫ mice after the challenge compared to those seen in ⌬D-iD mice (with an intact TCR repertoire) suggest a role for a properly diversified TCR repertoire for the outcome of HSI. The results support our previous finding that CD4 ϩ T cells are required for induction of cross-reactive Abs and, subsequently, complete HSI (29) . Thus, impaired induction of virus-specific Abs along with lack of HSI, but intact virusspecific CTL responses, in TdT Ϫ/Ϫ mice suggests a greater role for B cells and Abs in HSI, as previously described (22, 29, 37, 41) .
The death of 40% of the ⌬D-iD mice after the heterosubtypic challenge in spite of the presence of comparable (to WT) virus-specific Ab levels after immunization (Fig. 4) that offered complete protection against challenge with homotypic virus indicates that the virus-specific Abs produced by the ⌬D-iD mice were functionally not equivalent to the Abs from WT mice. This raises questions regarding whether the mutant surviving mice had responded to different viral epitopes than the mice that died and/or whether they responded to the same epitopes but differed from their brethren in the ability of their antibodies to protect them against infection. These hypotheses are not mutually exclusive, and their examination remains a focus of our laboratories.
Normal immune responses to primary infection or reinfection with the same subtype of influenza A viruses but impaired heterosubtypic immunity in TdT Ϫ/Ϫ and ⌬D-iD mice suggest that a normally diversified adult antibody repertoire provides optimal heterosubtypic immunity for influenza virus. The ⌬D-iD mouse is a laboratory construct, but the TdT Ϫ/Ϫ mouse mimics the restriction in diversity observed in neonates (11) . The perinatal period is one that is known to be associated with increased susceptibility to influenza virus. Our findings would thus support the view that limitations in the diversity of lymphocyte antigen receptors may underlie the physiologic immune deficiency exhibited by neonates.
